Usher syndrome type 1 (USH1) patients suffer from sensorineuronal deafness, vestibular dysfunction, and visual impairment. Several genetic loci have been linked to USH1, and four of the relevant genes have been identified. They encode the unconventional myosin VIIa, the PDZ-domain protein harmonin, and the putative adhesion receptors cadherin 23 (CDH23) and protocadherin 15 (PCDH15). We show here that CDH23 and harmonin form a protein complex. Two PDZ domains in harmonin interact with two complementary binding surfaces in the CDH23 cytoplasmic domain. One of the binding surfaces is disrupted by sequences encoded by an alternatively spliced CDH23 exon that is expressed in the ear, but not the retina. In the ear, CDH23 and harmonin are expressed in the stereocilia of hair cells, and in the retina within the photoreceptor cell layer. Because CDH23-deficient mice have splayed stereocilia, our data suggest that CDH23 and harmonin are part of a transmembrane complex that connects stereocilia into a bundle. Defects in the formation of this complex are predicted to disrupt stereocilia bundles and cause deafness in USH1 patients.
Usher syndrome type 1 (USH1) patients suffer from sensorineuronal deafness, vestibular dysfunction, and visual impairment. Several genetic loci have been linked to USH1, and four of the relevant genes have been identified. They encode the unconventional myosin VIIa, the PDZ-domain protein harmonin, and the putative adhesion receptors cadherin 23 (CDH23) and protocadherin 15 (PCDH15). We show here that CDH23 and harmonin form a protein complex. Two PDZ domains in harmonin interact with two complementary binding surfaces in the CDH23 cytoplasmic domain. One of the binding surfaces is disrupted by sequences encoded by an alternatively spliced CDH23 exon that is expressed in the ear, but not the retina. In the ear, CDH23 and harmonin are expressed in the stereocilia of hair cells, and in the retina within the photoreceptor cell layer. Because CDH23-deficient mice have splayed stereocilia, our data suggest that CDH23 and harmonin are part of a transmembrane complex that connects stereocilia into a bundle. Defects in the formation of this complex are predicted to disrupt stereocilia bundles and cause deafness in USH1 patients.
A pproximately 1 in 800 children is born with hearing impairment, and large parts of the aging population are afflicted by age-related hearing loss. Single gene defects are responsible for Ϸ50% of the hearing defects in newborns, and genetic predisposition is an important determinant in some forms of age-related hearing loss. Approximately 50 deafness genes have been identified, but the mechanisms by which these genes exert their functions are largely unclear (1) (2) (3) .
Many forms of deafness involve defects in hair cells, the mechanosensors for sound waves in the cochlea of the inner ear. Each hair cell has an apical bundle of 30-300 stereocilia that contain mechanotransduction channels. The channels change their open probability during stereocilia deflection. Individual stereocilia of a hair cell do not act alone. They are connected through linkage systems such as tip links, side links, ankle links, and top connectors into a bundle that moves as a whole during sound stimulation (Fig. 1a) (1, 2) . Antibodies that recognize extracellular linkages in stereocilia have been raised (4, 5) , but the molecules that form the linkages are not known. The tip link may serve as a gating spring that regulates opening and closing of the transduction channel (6, 7) . Side and ankle links may mediate adhesion between stereocilia to connect them and to coordinate their movement (8, 9) .
By positional cloning and through the analysis of genetically modified mice several deafness genes have been identified that affect the integrity of the stereocilia bundle. Promising candidate molecules to connect stereocilia are CDH23 and PCDH15, members of the cadherin superfamily of cell adhesion molecules (10) . Mutations in the CDH23 and PCDH15 gene cause USH1D and USH1F, respectively, as well as other forms of deafness (11) (12) (13) (14) . Stereocilia are splayed in Cdh23-and Pcdh15-deficient waltzer and Ames waltzer mice, suggesting that both molecules have specialized adhesive functions important to maintain the integrity of the stereocilia bundle (14) (15) (16) (17) . PCDH15 is expressed in hair cells (14) , but the expression pattern of CDH23 has not been reported. Likewise, downstream effectors of these cadherins are not known. The PCDH15 cytoplasmic domain contains proline-rich regions that may mediate protein-protein interactions (14) . No protein interaction surfaces or catalytic domains have been described in the CDH23 cytoplasmic domain. Candidate molecules to mediate PCDH15 and CDH23 functions are myosin VIIa, and the PDZ domain protein harmonin. Both proteins are expressed in hair cells, and mutations in their genes lead to USH1B and USH1C, respectively (18) (19) (20) . Furthermore, myosin VIIa-deficient shaker-1 mice have splayed stereocilia (21) . Myosin VIIa is expressed at adherence junctions in several tissues, where it binds by means of vezatin and catenins to classical cadherins. In hair cells, myosin VIIa and vezatin colocalize at ankle links (22) . Because classical cadherins and catenins are not expressed in stereocilia, other receptors such as CDH23 and PCDH15 may recruit the vezatin͞moysin VIIa complex in hair cells.
As a first step toward understanding the function of CDH23, we have determined its expression pattern in the inner ear and retina and searched for proteins that interact with its cytoplasmic domain. We show that CDH23 is expressed in hair cell stereocilia and the photoreceptor layer in the retina, and that it binds to harmonin. Complex formation between CDH23 and harmonin is regulated by an alternatively spliced exon in the CDH23 gene that is specifically expressed in the ear. Because stereocilia are splayed in Cdh23-deficient mice (17) , our data suggest that CDH23 and harmonin cooperate to assemble a transmembrane complex that connects stereocilia.
Materials and Methods
Immunohistochemistry. Rabbit antisera were raised against GST-CDH23 expressed in and purified from Escherichia coli (23) . Inner ear RNA was reverse transcribed and the CDH23 cytoplasmic domain amplified by PCR (5Ј-GGGGGATCCAACT GGTACTACAGGACCA-3Ј; 5Ј-CGCGAATTCTCACAGC TCCGTGATTTCCAG AG-3Ј). The fragments were cloned into pGEX-2TK (Amersham Pharmacia). The antisera were purified against a fusion protein between the CDH23 cytodomain and the maltose-binding protein expressed from pMAL-c2 (New England Biolabs) (23) . Harmonin antisera were raised against a mixture of two peptides (NH 2 -MDRKVAREFRHKVDFC-COOH, and NH 2 -CRSRKLKEVR LDRLHP-COOH). Immunization was performed at Eurogentec (Brussels). Antisera were purified against the peptides used as an immunogen (24) . Other tools were as follows: anti-IL-2 antibodies (Santa Cruz Biotechnology; Upstate Biotechnology, Lake Placid, NY); secondary antibodies coupled to horseradish peroxidase (Amersham Pharmacia); rhodamine conjugated anti-rabbit antibodies (Jackson ImmunoResearch); FITC-phalloidin (Sigma). Immunohistochemistry was performed as described (25) .
Abbreviation: PBI, PDZ-binding interface.
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Expression Analysis of CDH23 Splice Variants. RNA was prepared by using Trizol (Life Technologies, Grand Island, NY) and RT-PCR was performed with the following primers (1: 5Ј-GACAACATCGCCAAGCTG-3Ј; 2: 5Ј-ATGAACCATGTG GATTCCATC-3Ј; 3: 5Ј-GCAAGCTGTTGAGATCAGTGG-3Ј).
Yeast Two-Hybrid Assays. CDH23 constructs were expressed as fusions with the Gal4 DNA-binding domain from pGBKT7 (CLONTECH). Harmonin constructs were expressed from pGBKT7, or as fusions to the Gal4 activation domain by using pGADT7 (CLONTECH). DNA fragments were amplified by PCR and cloned into NdeI͞BamHI sites (CDH23) or SmaI͞ BamHI sites (harmonin). Protein-protein interactions were measured as yeast growth under selective pressure (26) .
GST Pull-Down Experiments. Harmonin and PDZ domains were expressed from pGADT7 by in vitro translation with the TNT Coupled Reticulocyte Lysate System (Promega). GST-CDH23 fusions were expressed in E. coli. GST pull-down experiments were performed as described (23) . For quantification, harmonin bands were cut out from SDS-polyacrylamide gels and radioactivity measured by scintillation counting. Input amounts of GST-CDH23 were determined by densitometrical scanning of Coomassie-stained SDS-polyacrylamide gels. The amount of radioactivity was normalized against the amount of GST-CDH23 fusion protein.
Immunoprecipitations. The cDNA encoding a harmonin splice variant (amino acid 1-548) was cloned into the C1-GFP vector (CLONTECH). Harmonin was amplified by PCR (5Ј-TAAC CCGGGGATGGACCGGA AGGTGGCCC-3Ј; 5Ј-CGCG-GATCCT TA A A AGA AGGT TAGCTCGTCATC-3Ј). The CDH23 cytoplasmic domains were amplified by PCR (5Ј-GGGAATTCAAGCTTAACTGGTACTACAGGAC-3Ј; 5Ј-GGGCCGCTCGAGTCACAGCTCCGTGATTTCCAG-3Ј) and inserted into pCMVIL2R (27) . Cells were transfected with the calcium-phosphate method (28) or by using Fugene (Roche Diagnostics). Forty-eight hours after transfection, extracts were prepared [50 mM Hepes, pH 7.5͞150 mM NaCl͞1.5 mM MgCl 2 ͞1 mM EDTA͞10% (vol/vol) glycerol͞1% Triton X-100͞ 100 mM NaF͞1 mM phenylmethylsulfonyl fluoride͞10 g/ml aprotinin] and used for Western blots or immunoprecipitations (29) . Enhanced chemiluminescence reagent was used for detection (Amersham Pharmacia). For immunoprecipitation from tissue, the brain of a C57BL͞6 mouse was homogenized in RIPA buffer (50 mM Tris, pH 7.5͞150 mM NaCl͞1% Triton X-100͞ 0.5% deoxycholate͞0.1% SDS͞1 mM phenylmethylsulfonyl fluoride͞10 g/ml aprotinin), and diluted 1:1 with 50 mM Tris͞150 mM NaCl, pH 7.5. Proteins were detected by Western blot. Quantification of band intensity was performed by using NIH IMAGE software.
Results
The CDH23 Cytoplasmic Domain: PDZ-Binding Domains and Alternative Splicing. To identify downstream effectors of CDH23, we analyzed the sequence of its cytoplasmic domain. We identified two putative binding sites for PDZ domains (referred to as PDZ-binding interfaces, PBIs). PBIs are frequently found at the C terminus of cell surface receptors and have been categorized on the basis of their sequence and binding specificity as class-I, -II, -III, and -IV PBIs (30) (31) (32) . A putative class-I PBI is present at the C terminus of CDH23 (Fig. 1b) . Less frequently, proteins contain internal PBIs, but no consensus sequence had emerged (33, 34) . The CDH23 cytoplasmic domain contains a stretch of amino acids with significant homology to a protein domain in the (19, 20) and a class-I PBI. PDZ1 and PDZ2 have similarity to PDZ domains in PSD-95 (43, 44) . PDZ3 shows similarity to a PDZ domain in p55 (38) .
adaptor protein Ril, which functions as an internal PBI (ref. 35 ; Fig. 1b ). This observation suggests that amino acids 91-184 of CDH23 are part of a PBI.
Two CDH23 mRNAs that differ by an insert of 105 bp have been described. The 105 bp are encoded by an alternatively spliced exon (exon 68) (12, 36) , and insert 35 aa into the putative internal PBI of CDH23 (Fig. 1b) . mRNA containing exon 68 is expressed preferentially in inner ear sensory epithelia. Other tissues such as heart, kidney, spleen, brain, and retina contain CDH23 mRNA lacking exon 68 (Fig. 1c and data not shown) , which suggests that exon 68-encoded sequences regulate CDH23 function in the inner ear.
Harmonin: PDZ Domains and Interactions with CDH23 in Yeast. To identify proteins that bind to the CDH23 cytoplasmic domain, we searched for PDZ domains in known deafness genes. Three putative PDZ domains are present in harmonin (19, 20) , and we identified a putative class-I PBI at its C terminus (Fig. 1d) . We refer to the PDZ domains, from the N to the C terminus, as PDZ1, PDZ2, and PDZ3. PDZ domains harbor characteristic amino acid sequences, such as the R͞K-XXX-GLGF motif that forms part of the protein interaction surface. Differences in surrounding amino acids provide interaction specificity for target proteins (30, 37) . PDZ1 and PDZ2 of harmonin contain variations of the R͞K-XXX-GLGF motif, with only the GLG sequence being conserved. PDZ3 does not contain the GLG motif, but a distant variant with homology to a PDZ domain in p55 ( Fig. 1d; ref. 38 ), which suggests that each PDZ domain of harmonin engages in interactions with different PBIs. Candidate target PBIs include the two PBIs of CDH23, and the C-terminal PBI of harmonin.
We tested whether harmonin interacts with itself and with CDH23 by yeast two-hybrid analysis (Fig. 2) . Harmonin interacted with harmonin, but interactions were disrupted when the C-terminal PBI was deleted in both harmonin molecules used to measure interactions (harm⌬7). Harmonin fragments containing PDZ1, but not PDZ2 and PDZ3, interacted with full-length harmonin, suggesting that PDZ1 interacted with the C-terminal PBI in harmonin (Fig. 2 c and d) . The CDH23(Ϫ68) and CDH23(ϩ68) cytoplasmic domains also interacted with harmonin, but not with enigma, a protein that contains a PDZ domain homologous to PDZ1 and PDZ2 of harmonin (39) (Fig. 2 e and  f; and data not shown). Truncations that deleted the putative C-terminal PBI of CDH23 [CDH23⌬C(ϩ68) and CDH23⌬C1(Ϫ68)] interacted with harmonin, while deletion of both putative PBIs [CDH23⌬C2(Ϫ68)] abolished interaction ( Fig. 2 e and f ) . We next identified domains in harmonin that mediate interactions with CDH23. Harmonin fragments containing PDZ1 or PDZ2 interacted with CDH23(Ϫ68) and CDH23(ϩ68). Interactions with PDZ2 were disrupted when the C-terminal PBI of CDH23 was deleted. Interactions with PDZ1 were abolished by deletion of both PBIs. PDZ3 did not interact with CDH23 (Fig. 2 e and f ) .
We conclude that PDZ1 of harmonin can bind to the Cterminal PBI of harmonin, and to the internal PBI of CDH23. PDZ2 of harmonin can bind to the C-terminal PBI of CDH23. Surprisingly, interactions of PDZ1 with the internal PBI of CDH23 are not affected by exon-68-encoded sequences. Because different expression levels of the fusion proteins in yeast could mask differences in interaction strength, we analyzed the effect of exon 68 in biochemical assays.
Regulation of CDH23-Harmonin Interactions by Alternative Splicing.
To analyze CDH23-harmonin interactions biochemically, we performed GST-pull-down and coimmunoprecipitation experiments. For pull-down experiments, harmonin and fragments containing individual PDZ domains were radiolabeled by in vitro transcription͞translation (Fig. 3a) , and analyzed for complex formation with GST-CDH23 fusion proteins (Fig. 3b) . To allow for a quantitative comparison of complex formation, similar amounts of the GST-CDH23(Ϫ68) and GST-CDH23(ϩ68) proteins were used (Fig. 3c Lower). Harmonin interacted with GST-CDH23(Ϫ68) and GST-CDH23(ϩ68), but Ϸ10-fold greater amounts of harmonin were recovered with GST-CDH23(Ϫ68) (Fig. 3 c and d) , which suggests that amino acids encoded by exon 68 affect the interaction of harmonin with CDH23.
To define the mechanism by which alternative splicing affects CDH23-harmonin complex formation, we analyzed fragments containing individual PDZ domains of harmonin for interaction with CDH23. In agreement with the two-hybrid results, PDZ2-containing fragments interacted with CDH23(Ϫ68) and CDH23(ϩ68), but not with a truncated CDH23(ϩ68) lacking the C-terminal PBI [CDH23⌬C(ϩ68); Fig. 3e] . Deletion of the C-terminal PBI did not affect binding of PDZ1 to CDH23 (data not shown). We next mixed PDZ1 and PDZ2 fragments that were generated independently by in vitro transcription͞ translation, which allowed us to compare directly the amount of PDZ1 and PDZ2 recovered with GST-CDH23(Ϫ68) and GST-CDH23(ϩ68). PDZ2 interacted equally well with both CDH23 isoforms, whereas PDZ1 interacted preferentially with the CDH23(Ϫ68) isoform (Fig. 3f ) . PDZ3 did not bind to either CDH23 isoform (data not shown).
We conclude that binding of CDH23 to harmonin is mediated by binding of the internal and C-terminal PBIs in CDH23 to PDZ1 and PDZ2 of harmonin, respectively. Sequences encoded by exon 68 perturb interactions between the internal PBI of CDH23 with PDZ1, but do not affect interactions of the C-terminal PBI of CDH23 with PDZ2 of harmonin.
We next analyzed whether CDH23 and harmonin interact in the physiologically more relevant cellular context, and whether complex formation under these conditions is affected by alternative splicing. To mimic the membrane localization of CDH23, we generated a chimera containing the signal sequence, extracellular domain, and transmembrane domain of the IL-2 receptor fused to the CDH23 cytoplasmic domain. We also generated a fusion between the GFP and harmonin (Fig. 4a) . The constructs were expressed in COS and 293 cells, and complex formation was analyzed in coimmunoprecipitation experiments by using antibodies to IL-2 and GFP (Fig. 4 b and c) . Both proteins could be coimmunoprecipitated as a complex. Substantially less harmonin coprecipitated with the CDH23(ϩ68) than with the CDH23(Ϫ68) isoform (Fig. 4 b and c) , demonstrating that complex formation under physiological conditions is modulated by sequences encoded by exon 68.
CDH23-Harmonin Interaction in Vivo, and CDH23 Expression in Hair
Cells and the Retina. To analyze whether CDH23 and harmonin form a protein complex in vivo, we performed coimmunoprecipitation experiments with antisera raised against CDH23 and harmonin by using protein extracts from mouse tissue. The affinity-purified antisera recognized their respective antigen with high specificity in Western blots and immunoprecipitations performed with extracts from mouse tissues, or from cells transfected to express CDH23 or harmonin (Fig. 5a, lanes 1 and  2; data not shown) . To analyze complex formation, extracts were prepared from P6 mouse brains, and immunoprecipitations were performed with the harmonin-specific antiserum. CDH23 was specifically detectable in the harmonin immunoprecipitates, but not in control precipitates (Fig. 5a, lanes 3 and 4) , demonstrating that CDH23 and harmonin form a complex in vivo.
Previous studies have shown that stereocilia are splayed in CDH23-deficient waltzer mice (17) , and that harmonin is expressed in hair cells and their stereocilia (19) . Expression of CDH23 in the inner ear has not been reported. We therefore stained cochlear sections and whole mounts with a CDH23-specific antiserum (Fig. 5 b-i) . CDH23 was specifically expressed in the stereocilia of hair cells (Fig. 5 d, f, and h) , where it is expected to exert its function as a complex with harmonin. Because harmonin is more widely expressed in hair cells (19) , it may interact with additional proteins in other locations in hair cells.
Because Usher 1 patients suffer from visual impairment, we also stained retinas with CDH23 antibodies (Fig. 5 j and k) . A low signal was detectable throughout the retina, but the signal was particularly strong in the photoreceptor layer, suggesting that CDH23 regulates photoreceptors development or function.
Discussion
Our data provide evidence that the two Usher syndrome proteins CDH23 and harmonin act in a common molecular pathway. The two proteins bind to each other, are coexpressed in hair cell stereocilia, and mutations in the genes encoding CDH23 and harmonin cause similar symptoms in USH1 patients (11, 12, 19, 20) . The observation that stereocilia are splayed in CDH23-deficient waltzer mice (17) suggests that CDH23 and harmonin are components of the tip-, ankle-, side-links, or top connectors that link stereocilia into a bundle. Top connectors have not been observed in rodents, and the tip and ankle links, but not side links are sensitive to treatment with Ca 2ϩ chelators (5, 40, 41) . Because Ca 2ϩ chelators abolish cadherin function, it is likely that CDH23 is a component of the tip-or ankle-link, or both. Future three-dimensional reconstructions using quantitative immunoelectron microscopy should help to clarify this issue. Previously no sequence motifs have been described in the CDH23 cytoplasmic domain that may mediate protein-protein interactions. We now describe two PBIs in the CDH23 cytoplasmic domain: an internal domain with homology to a PBI in the adaptor protein Ril (35) , and a PBI at the C terminus fitting the consensus for class I PBIs (30) . The Ril homology region in CDH23 mediates interactions with the PDZ1 of harmonin, whereas its C-terminal PBI interacts with PDZ2. PDZ1 of harmonin also interacts with the C terminus of harmonin itself. Because the structure of PDZ domains is optimized to interact with free carboxylate groups (30, 31) , we expected that the C terminus of CDH23 and harmonin would interact with PDZ1 of harmonin. We were surprised to identify an internal PBI within the CDH23 cytoplasmic domain. Internal PBIs have been found only in a few proteins including Ril and the neuronal nitric oxide synthase (33, 35) . The internal PBI of neuronal nitric oxide synthase adopts a conformation with an exposed hairpin turn that mimics the overall structure of C-terminal PBIs (33) , suggesting that the internal PBI in CDH23 has a similar structure. The homology between Ril and CDH23 is an example of sequence conservation between internal PBIs, raising the possibility that additional similar PBIs remain to be discovered.
Formation of the CDH23-harmonin complex is regulated by sequences encoded in the alternatively spliced exon 68 that is expressed in inner ear, but not the retina. Our data suggest that PDZ1 and PDZ2 of harmonin bind to CDH23(Ϫ68) isoforms in the retina. In the ear, interactions of PDZ1 with CDH23 are perturbed by the insertion of 35 amino acids encoded by exon 68. PDZ1 is therefore free to engage with other proteins, for example, with the C-terminal PBI in harmonin, which suggests that the overall composition and function of the CDH23-harmonin complex differs in ear and retina. For example, CDH23(ϩ68) may be clustered more efficiently than CDH23(Ϫ68) by harmonin-harmonin interactions (Fig. 6) . PDZ1, as well as other protein interaction motifs in harmonin, such as PDZ3, may recruit additional proteins. This finding is consistent with the function of other PDZ domain proteins that serve as assembly platforms for signaling complexes, for example, at epithelial cell junctions (42) . Alternatively spliced isoforms have been described not only for CDH23 but also for harmonin (19) , suggesting that different CDH23-harmonincontaining protein complexes are assembled in different cell types. Understanding the differences in complex composition may shed light on the molecular pathogenesis leading to sensorineuronal deafness and retinitis pigmentosa in USH1 patients. 6 . Model for CDH23-harmonin complex formation and its regulation by alternative splicing. On the basis of our data, we propose the following model. PDZ1 and PDZ2 of harmonin interact with the internal and C-terminal PBI of CDH23(Ϫ68), respectively, which could lead to binding of harmonin to one CDH23 molecule, or it could cross-link two receptors (Left). Insertion of the sequence encoded by exon 68 perturbs interactions between PDZ1 of harmonin and the internal PBI of CDH23(ϩ68). This perturbation poises the complex for alternative interactions (Right). Notably, the PDZ1 domain of harmonin may be available to interact with other proteins when harmonin is bound to CDH23(ϩ68), but not to CDH23(Ϫ68). Binding partners for PDZ1 include harmonin, leading to the formation of harmonin-harmonin oligomers. Because CDH23(ϩ68) is expressed in the ear but not the retina, splicing may control the architecture and composition of CDH23-harmonin complexes in a tissue-specific manner.
